Abstract In our study we assessed the tick burden on roe deer (Capreolus capreolus L.) in relation to age, physical condition, sex, deer density and season. The main objective was to find predictive parameters for tick burden. In September 2007, May, July, and September 2008, and in May and July 2009 we collected ticks on 142 culled roe deer from nine forest departments in Southern Hesse, Germany. To correlate tick burden and deer density we estimated deer density using line transect sampling that accounts for different detectability in March 2008 and 2009, respectively. We collected more than 8,600 ticks from roe deer heads and necks, 92.6% of which were Ixodes spp., 7.4% Dermacentor spp. Among Ixodes, 3.3% were larvae, 50.5% nymphs, 34.8% females and 11.4% males, with significant seasonal deviation. Total tick infestation was high, with considerable individual variation (from 0 to 270 ticks/deer). Adult tick burden was positively correlated with roe deer body indices (body mass, age, hind foot length). Significantly more nymphs were found on deer from forest departments with high roe deer density indices, indicating a positive correlation with deer abundance. Overall, tick burden was highly variable. Seasonality and large scale spatial characteristics appeared to be the most important factors affecting tick burden on roe deer.
Introduction
European roe deer (Capreolus capreolus L.) are very common all over Europe. Their distribution ranges from southern Spain to northern Scandinavia, to the Ural mountains in Russia and to scattered populations in Turkey, Israel and Jordan . As generalist herbivores, roe deer are able to feed on a wide variety of plants and thus live in several kinds of habitats. Many of these habitats are also occupied by certain tick species (mostly Ixodes spp. (Latreille, 1795) and Dermacentor spp. (Koch, 1844) ) and roe deer are important hosts for ticks (Jensen et al. 2000; Walker et al. 2001; Rizzoli et al. 2007, Zeman and Pecha 2008) . The ticks may profit from roe deer social behaviour and diurnal activities. Adult roe deer are territorial in spring and summer, offering a constant and reliable blood supply for tick development. High density roe deer populations are very common in Central Europe and are becoming more and more common in other parts of Europe (Andersen et al. 1998) . Territorial behaviour includes chasing away subadult or subdominant individuals, providing the chance for ticks to be distributed quickly and effectively over long distances. Roe deer are known to migrate more than 100 km , distances up to a few kilometres are usual for large parts of continental Europe. The preference of roe deer for dense vegetation and their diurnal rhythm of feeding and resting phases make them to easily accessible hosts for questing ticks. Roe deer have also learned to deal with and in many cases to profit from humans and their activities. It is one of the most important hunting game in Europe. Roe deer, along with other mammals (i.e. small rodens and dogs, Silaghi et al. 2008) , are therefore important vectors for ticks and human tick borne diseases (TBDs). At a large spatial scale, a positive relationship between Lyme disease incidence in humans and roe deer density has been shown (Linard et al. 2007 ). Tick borne encephalitis (TBE) incidence in humans is also statistically associated with roe deer density (Rizzoli et al. 2009 ). Data on the role of deer on the transmission of TBDs are equivocal, however. For some of the tick-borne pathogens (for a review see Jongejan and Uilenberg 2004) roe deer are competent hosts, and for others roe deer might provide a cofeeding platform (Randolph et al. 1996; Kimura et al. 1995; Bruno et al. 2000) . Although there is evidence for a correlation between deer and tick densities (Carpi et al. 2008) , there is surprisingly little information on the tick burden of roe deer in general and its variation according to individual deer characteristics. Knowing the links might contribute to understand and to quantify the risk of tick borne diseases. It is also unknown how many ticks can be supported by roe deer. In general there is a lack of data on the effects of tick-borne diseases on roe deer. Some researchers state that roe deer are not susceptible to TBDs like tick borne encephalitis (TBE, Labuda et al. 2002; Hartemink et al. 2008; Rizzoli et al. 2009) or Lyme disease (Hartemink et al. 2008; Pugliese and Rosà 2008) . Malandrin et al. (in press) could recently identify Babesia capreoli (Enigk and Friedhoff, 1962 ) from roe deer blood and could clearly separate this Babesia species from others. Babesia capreoli can be fatal for roe deer, but does not pose a threat to either humans or livestock.
In this paper we aimed at testing the following hypotheses for each development stage/ sex of Ixodes and Dermacentor ticks and for the combined Ixodes and Dermacentor tick burden:
1. tick burden underlies seasonal variation 2. tick burden is influenced by individual characteristics of roe deer (sex, age, body mass, hind foot length) 3. tick burden reflects roe deer density
Materials and methods

Study area
Ticks from roe deer were collected in nine different forest departments located in three different forest districts in South Hesse, Germany (Fig. 1) . Site characteristics are summarised in Table 1 . The forests are located within high risk areas for TBE (Robert Koch-Institute 2007) . Mean size of the study sites is 1150 ha (range: 520-1,710 ha). In all nine forest departments, roe deer are abundant. Annual hunting bags ranged in the hunting season 2007/2008 between 23 and 60 roe deer per forest department (3.5-6.7/100 ha). Roe deer density indices computed after distance sampling in early spring at each of the study sites (see ''Estimating roe deer density indices'') ranged from 2.4-9.1 roe deer /100 ha. Even within forest districts roe deer densities are quite variable, reflecting different habitat types, hunting regimes and possibly interspecific competition with other ungulate species. In three forest departments in the forest district Beerfelden, red deer (Cervus elaphus L.) with a hunting bag of 1.4-2.8 heads/100 ha in 2007/2008 is also common. once a day. For 20 deer, the heads or the carcasses were removed by the hunters prior to investigation. They could only partly be screened (either head or neck). Two observers intensively investigated 138 necks and 126 heads from a total of 142 roe deer for tick infestation for a maximum time of 30 min each (Fig. 2) . A preliminary study showed that roe deer from deciduous and coniferous forests in the region were mostly infested with ticks on their heads and necks. Ticks were removed with tweezers and tick-hooks and were collected in sterile tubes, separated by host individual, tick development stage and sex of adult ticks, and then stored at -80°C. As we collected thousands of ticks and some tick species are very similar, we separated them in the field at the genus level between Ixodes spp. and Dermacentor spp. ticks. Keys for identification in the lab were used to confirm the field separation. All randomly chosen and identified ticks were either Ixodes ricinus (L.) or Dermacentor reticulatus (Fabricius). We estimated the age of roe deer by tooth wear (Mysterud and Østbye 2006) , weighed them, and measured their hind foot length (HFL, Zannèsse et al. 2006) . Furthermore, we assessed obvious health problems or physical damage through visual examination of the whole carcasses and by remarks from the hunters.
Estimating roe deer density indices
We estimated relative densities of roe deer using line transect methodology ) and subsequent analyses with the software package Distance 5 Release 2 (Thomas et al. 2006) . In early March 2008 and 2009, we drove a fixed circuit in each forest area (mean ± SD: 18.3 ± 3.3 km); each circuit was driven twice on consecutive nights. We conducted each count with three persons: one person driving slowly (*6-12 km h -1 ) and observing animals on the transect line and two persons sitting on the top of the vehicle scanning both sides of the transect line with handheld spotlights (12 V, 55 W). In order to model detection functions, we estimated the perpendicular distance between the initial position of the deer and the transect using the cosine function ). We measured sighting distances with a laser rangefinder and sighting angles with a compass.
Acknowledging that this approach violates some of the distance sampling assumptions [i.e. transects are not distributed randomly, perfect detection on the line not given due to evasive behaviour of roe deer (Ward et al. 2004) or due to avoidance of roads by roe deer], we consider our estimates not as absolute density but as indices which allow comparisons of roe deer densities among different forest areas and years. Because the number of roe deer sightings/forest area/year was low (mean: 15.8 ± 6.4 SD), we pooled roe deer sightings according to the predominant terrain ('hilly' vs. 'flat') of the forest area. Based on AIC-values, these pooled detection functions performed better than forest area specific detection functions. We discarded the largest 5% of the distances and used half-normal key function with cosine series expansion to fit the detection functions. Using these stratumspecific detection functions and the size-bias regression method to estimate cluster size, we estimated area and year specific roe deer densities.
Predictive models for tick burden on roe deer In order to explain the variation of ticks, we applied generalised linear models (GLM, Dobson and Barnett 2008) in SPSS (Version 17.0). Each model was fitted using a negative binomial error distribution (Shaw et al. 1998; Carpi et al. 2008 ) of the response variables 'total Ixodes larvae', 'total Ixodes nymphs', 'total Ixodes females', 'total Ixodes males', 'total Ixodes' and 'total Dermacentor'. We did not subdivide Dermacentor data due to rare occurrence. We tested effects of the study sites (forest department), sampling month, roe deer density, sex, age (in months), hind foot length (cm) and disembowelled body mass (kg). Univariate relationships between two variables were further tested by Kendall's Tau.
Differences between variable values were tested by using the Mann-Whitney U-test.
Results
Overall tick burden
In total we collected 8,611 ticks from roe deer. Tick numbers ranged from 0 to 270 ticks per deer (head and neck only, Table 2 ), with an average of 65 ticks. 92.6% belonged to the Ixodes genus, 7.4% to the Dermacentor genus. We found all tick stages (Fig. 3a, b) . Most of the ticks were nymphs (50.5%), followed by females (34.8%) males (11.4%), and larvae (3.3%). Most of the attached (feeding or questing) ticks were found on the roe deer's heads (61%).
Individual variation
Adult tick burden was positively correlated with roe deer body indices such as body mass, age and hind foot length, with significantly more adult ticks on older and heavier animals with higher hind foot length (Table 3) . Overall, investigated male roe deer carried more ticks than female roe deer. This result was, however, biased by the different hunting seasons of male (from May to October) and female roe deer (in May, only yearlings, and from September to January). In September, when both males and females were hunted, there were no significant differences in tick burden (38 vs. 31 ticks/deer, on average; P \ 0.05, Mann-Whitney U-Test).
Spatial and seasonal variation
The variation between total tick infestations was not significant on the forest district level with 59-85 ticks/deer, on average. However, total larvae burden on roe deer was significantly (P \ 0.05, Kendall's Tau) higher in Dieburg than in Beerfelden and Lampertheim (Table 3) . Although the factor 'Forest Department' had no direct effect on combined tick burden, significantly more nymphs were found on deer from forest departments with high roe deer density indices (RDI , Table 3 ), reflecting a positive correlation with deer abundance.
Roe deer were highly infested with ticks in May, whereas tick burden was lowest in September (Table 4) . This was obvious for the total tick burden and the Ixodes genus. However, Dermacentor infestation was highest in July. 4, 6, 7, 8 ); * P \ 0.05; ** P \ 0.01; *** P \ 0.001; correlation coefficients in parentheses 1 Forest district, n = 3; 2 forest department, n = 9; 3 month of deer kill; 4 estimated age; 5 significant differences indicate higher values for male roe deer; 6 disembowelled body mass; 7 hind foot length; 8 roe deer density index In May and September, most of the Ixodes ticks were nymphs, whereas in July the number of female Ixodes was slightly higher (Fig. 4) . The number of male Ixodes was consistently about 1/3 of the number of females. Ixodes larvae burden peaked in July, as well as for all Dermacentor stages.
Predictive modelling
Computing single factor correlations (see ''Spatial and seasonal variation'') does not account for ecological interaction of factors and is thus not helpful for general prediction of tick burden on roe deer. We therefore use generalised linear models (GLM) with the response variables 'Ixodes larvae', 'Ixodes nymphs', 'Ixodes males', 'Ixodes females', 'Ixodes total', 'Dermacentor total' and 'ticks total', the categorical variables 'forest district', 'month', 'roe deer sex' and the covariates 'age', 'hind foot length (HFL)', 'body mass' and 'roe deer density index (RDI)' (Table 5) .
Larval Ixodes tick burden varied significantly on the forest district level and by season. Roe deer age was negatively correlated with larval burden. Ixodes nymph burden showed a significant seasonality and was positively correlated with roe deer density indices. Adult Ixodes burden was positively correlated with roe deer body mass; female burden showed significant seasonality, however, male burden did not. Overall, Ixodes burden was only significantly affected by season. Total Dermacentor burden showed significant variation at Fig. 4 Seasonal variation of tick burden on roe deer. Data are given as means with standard error, n May = 69, n July = 11, n September = 42 the spatial (Forest District) and temporal (month) scale, and was negatively correlated with roe deer density indices and roe deer age. The variables 'sex' and 'roe deer hind foot length' had no significant effect on tick burden.
Discussion
The general tick burden of roe deer in the study area was high. Overall, tick burden on roe deer appears to be highly variable with seasonality being the major factor explaining the variation of tick burden. Considering that we only sampled the deer's heads and necks, the reported tick abundance per roe deer reflects ca. 60% of the total burden. In another study we found the deer's head and neck to account for 47.28 % (SE ± 3.55) and 13.29% (±1.74) of the total Ixodes burden respectively (Kiffner et al. in press) .
Modelling tick burden mainly revealed seasonal and spatial variation. It appears that individual host characteristics do not have the expected high effects on tick burden. However, Ixodes larvae and total Dermacentor numbers were negatively correlated with deer age, indicating a preference for younger hosts. We hypothesize that this is caused by behavioural differences (younger deer have longer resting phases, especially as fawns) and by the thinner skin of younger animals. Adult tick burden is positively correlated with the roe deer body mass, being in accordance with the results of the parasite-host metaanalysis done by Poulin and George-Nascimento (2007) . As the male tick burden is mostly triggered by the female burden, effects on both sexes are almost the same. The negative influence of the roe deer density index on total Dermacentor burden might be explained by spatial differences in Dermacentor distribution, coincidently overlapping with also highly significant forest district effects. The sex of roe deer does not have any significant effect on tick parasitism. Schalk and Forbes (1997) generally found small differences in parasitism between the sexes of mammals. Schmidtmann et al. (1998) reported male biased tick parasitism (Ixodes scapularis) on white-tailed deer (Odocoileus virginianus). This deer species, however has a more pronounced sexual size dimorphism than roe deer (Geist 1998) and thus male-biased parasitism might actually be an artefact of sexual size dimorphism. We did not observe any specific sign of deer health problems caused by high tick infestation. At least for Lyme borreliosis and TBE, roe deer are not competent hosts (Labuda et al. 2002; Hartemink et al. 2008; Pugliese and Rosà 2008; Rizzoli et al. 2009 ). However, roe deer are competent reservoirs for Anaplasma phagocytophilum causing a febrile disease (Silaghi et al. 2008) , and for Babesia capreoli (Malandrin et al. in press) . Carpi et al. (2008) screened parts of the forelegs of roe deer from Northeastern Italy for tick infestation. They found very high tick numbers as well (up to 388 Ixodes ricinus/deer), although almost 90% were larvae. As we could also find all life stages of ticks (larvae, nymphs and adults) feeding on the same individual and sometimes aggregated very closely together (\1 cm), the chance of co-feeding (Randolph 2004) and TBE virus transmission from infected nymphs to larvae or even females to nymphs and larvae should be further considered. In spite of roe deer being a non-competent host for TBE, it is already being used as an ideal and easily available sentinel animal for TBE distribution using serological investigation (Gerth et al. 1995; Labuda et al. 2002; Carpi et al. 2008) .
Walker et al. (2001) removed ticks from roe deer forelegs. Similar to our study, months with the highest larvae infestation were July and August (mean *58 larvae per roe deer leg) and most nymphs were collected in May (mean *16 nymphs per leg). The seasonal variation of tick densities in general and of tick development stages questing or feeding on roe deer followed the marked seasonality in tick population dynamics including diapauses and in environmental conditions in temperate zones (MacLeod 1939; Lees and Milne 1951; Gray 1971; Kalsbeek and Frandsen 1996) . In our study Ixodes nymph, female and male numbers on roe deer peaked in May, whereas most larvae were counted in July. This corresponds well with data presented by Randolph (2004) for Ixodes ricinus, although she could show a very high interannual variability as well.
As far as we know, only one further publication reports on roe deer infestation with Dermacentor ticks (Dautel et al. 2006) . In their study D. reticulatus was found on 23 deer out of 721 deer from all over Germany. Most of the infested animals were red deer (Cervus elaphus) and only a few roe deer. Their results showed that D. reticulatus is much more common in Germany than previously known. In Hungary this tick species is also expanding its geographic range, and D. reticulatus-borne diseases (e.g. tularemia and tickborne lymphadenopathy) are a concern in the region (Sréter et al. 2005 ). Dermacentor reticulatus is better known as a vector for the pathogens Babesia canis and Ehrlichia canis, causing diseases mainly in dogs (Ogden et al. 2000) . They can also be vector for Coxiella burnetii causing Q fever in domestic animals and even in humans (Movila et al. 2006) , and for Rickettsia (Dautel et al. 2006) . Borrelia have been found in D. reticulatus , but this tick species is apparently not an effective vector for Borrelia (Jongejan and Uilenberg 2004) . In our study roe deer were most infested with Dermacentor ticks in July. The high risk potential for several diseases and their activity in mid-summer when people frequently enter the forests for recreation make further studies on the ecology of this tick species and the role of wildlife for its population dynamics indispensable.
The question whether roe deer abundance enhances tick abundance and the subsequent risk for tick borne diseases can not be satisfactorily answered. The fact that we found a significant positive correlation between Ixodes nymph numbers on roe deer and roe deer density indices does not prove to be an obligate relationship, since other factors (e.g. small rodent densities as more important hosts for larvae, site conditions or habitat structures) could be more important. The same factors could also explain the increasing TBE risk in recent years which correlate with increasing roe deer densities in the Italian Alps (Rizzoli et al. 2009 ), as both could have been made possible by other factors and the following distribution of both ticks and roe deer in higher altitudes. Carpi et al. (2008) concluded that tick infestation of roe deer is very site specific, but not necessarily dependent on roe deer densities. This might even explain the negative correlation of roe deer density indices and Dermacentor numbers on roe deer in our study. An exclusively positive influence of roe deer densities on ticks has rarely been shown. Jensen et al. (2000) found a positive correlation of Ixodes nymph density and roe deer abundance. Ostfeld et al. (2006) could only confirm a weak effect of white tailed deer (Odocoileus virginianus) abundance on Ixodes scapularis larvae and state that there is a clear decoupling of stage specific abundances. Walker et al. (2001) even found negative correlations between densities of roe deer and nymphs. Gray et al. (1992) showed that the availability of deer as hosts has a major impact on tick densities, but even small numbers of deer can maintain very large tick populations (Wilson et al. 1984; Robertson et al. 2000) . A white-tailed deer reduction by almost 50% had no apparent effect on questing Ixodes scapularis numbers (Jordan et al. 2007 ).
All roe deer of our study were culled in forested areas. However, home ranges of roe deer are relatively large (10-more than 200 ha (Lovari and San José 1997; Mysterud 1999) ) and usually cover more than one habitat type under Central European conditions, thus impeding the identification of habitat specific effects on roe deer tick burden with our dataset.
To better predict tick densities we suggest including more specific habitat characteristics such as soil moisture and grinding vegetation cover.
